A defined medium for the growth of the anaerobic, nitrogen-fixing bacterium Clostridium pasteurianum was described by Carnahan and Castle (1) . It contained (per liter): sucrose, 20 g; MgSO4-H20, 0.1 g; NaCl, 0.1 g; NaMoO4-2H20, 0.01 g; KH2PO4, 0.5 g; K2HP04, 0.5 g; FeSO4, 0.01 g; CaCO3, 10 g; biotin, 1 Ag; and p-aminobenzoic acid, 1 ,ug. Cultures were grown in 500-mi lots, and nitrogen was supplied by bubbling at the rate of 10 to 15 liters/hr. In this way, cell yields of 1.5 to 1.7 g (dry weight) per liter were obtained. These authors also found that good growth was obtained when (NH4)2S04 (0.8 g per liter) was used instead of nitrogen gas as the nitrogen source. They did not state the yields, but optical density measurements indicate that they were much the same as under nitrogenfixing conditions.
A similar medium was used by Carnahan et al. (2) to grow 40-liter cultures under nitrogenfixing conditions. The only modification was that iron was added as an alcoholic FeCl3 solution to give 0.1 g of FeCl3-6H20 per liter of medium. The final pH value of harvested cultures was 5.4 to 5.8, and the yield of washed, dried cells was 0.63 to 0.75 g per liter.
Lovenberg, Buchanan, and Rabinowitz (6) modified the medium of Carnahan and Castle (1) , so that it contained (per liter): KH2PO4, 1.4 g; K2HP04, 15.6 g; (NH4)2S04, 2.0 g; no CaCO3; and the other medium constituents as in the medium of Carnahan and Castle. Lovenberg et al. did not report their cell yields, nor the scale of their operations.
C. pasteurianum is a source of the electron carrier ferredoxin, a nonheme, iron-containing protein (6) . It may be isolated by the method of Mortenson (7) . The aim of this work was to produce large amounts of C. pasteurianum for the isolation of ferredoxin.
MATERIALS AND METHODS C. pasteurianum was strain W.5 (NCIB 9486, ATCC 6013).
Temperature. All cultures were grown at 30 C. Determinations. Sucrose was hydrolyzed for 30 min at 100 C in 0.25 N hydrochloric acid to giveglucose and fructose, which were determined by the method of Somogyi (9) .
Ammonium ion was liberated as ammonia by distillation in the presence of excess sodium hydroxide. The ammonia was collected in excess boric acid and titrated against standard hydrochloric acid.
Bacterial dry weights were determined by heating a sample of wet cells at 160 C to constant weight in an infrared oven, as described by Ford (4) .
The optical density of cultures was determined, after appropriate dilution, on a Hilger Biochem Absorptiometer H.627 without a ifiter, by comparison with water.
For 2-liter cultures, gas evolution was measured by collecting the evolved gas in a measuring cylinder via a pneumatic trough by displacement of a solution containing 22% sodium chloride and 5% sulfuric acid (carbon dioxide has a low solubility in this solution). In the case of larger cultures, gas evolution was measured with a Parkinson "P. 13" test meter. The gas volumes reported are uncorrected for pressure and temperature.
Culture maintenance was on potato broth, which contained fresh peeled potato, 25 g; glucose, 0.5 g; CaCO3, 0.2 g; and water, 100 ml. The components were mixed in a power blendor and heat-sterilized (15 psi, 15 min) in half-filled 8-oz bottles. Subcultures were made weekly by use of a 10% inoculum. After 24 hr of growth, when gas evolution with considerable froth formation had occurred, the cultures were stored at 0 to 4 C. 296 Cultures were started by inoculating with a 2-liter or a 20-liter seed. The flow of nitrogen was stopped and the vessel was sealed except for an inlet, to admit antifoam (25% silicone MS emulsion RD) which was added as required, and an outlet, via the gas meter. In later cultures, inlets were provided, to supply 10 N NaOH as demanded by the automatic pH control, and to supply the sucrose-(NH4)2SO4 solution via a separate pump, under manual control. Samples were taken at intervals.
The progress of cultures was followed by gas evolution, increases in optical density, and consumption of sucrose and ammonium ion.
Recovery of the cells was in a Laval type 1700 centrifuge with a flow rate of about 1 liter/min. RESULTS Culture maintenance. Potato broth was a very satisfactory medium for the growth of the organism. In every case, growth was apparent 24 hr after inoculation.
Production of 2-liter seeds. Growth, once started, was generally good in 2-liter bottles, but a variable, and sometimes long induction period was found. A few cultures did not grow at all. Gas evolution figures gave a good indication of the growth of a culture, and over 12 liters of gas were evolved before growth ceased, when the pH value had fallen to about 5.2.
The pregrowth induction period was greatest (up to 48 hr) when a potato broth culture was used for the inoculum. It was reduced to 12 to 24 hr when a portion from a previous 2-liter seed culture, which had evolved about 3 liters of gas, was used; and it was further reduced to less than 12 hr when, in addition, 0.1% yeast extract (Yeatex, light grade, English Grains Co. Ltd., Burtonon-Trent) was incorporated in the culture medium.
By cooling to 0 to 4 C and sealing, 2-liter cultures, aged from 20 to 36 hr, from which about 3 liters of gas had been evolved, could be stored for at least 7 days. No increase in the induction period for cultures initiated with such stored inocula was observed.
Production of 20-liter seeds. The growth pattern was similar to that observed for 2-liter seeds.
Description of 140-liter cultures. Five such cultures are described. In the first, which was unstirred, the pH was not controlled. The culture was inoculated with a 2-liter seed from which 2.2 liters of gas had been evolved. Biotin and paminobenzoic acid were included at only 5.5 ,ug/liter instead of the 50 ,ug/liter used in all other experiments.
There was an induction period before growth started. Growth was accompanied by gas evolution, and a rise in the optical density of the culture. The pH fell progressively, and both sucrose (carbon source) and ammonium ion (nitrogen source) were consumed. When the culture was harvested (28 hr), growth, as indicated by opti- Table 1 .
In the second culture, the pH was prevented from falling below 5.6 by the automatic addition of 10 N NaOH, in the hope of encouraging further growth. The stirrer was operated starting when the pH control was required. The culture was inoculated with a 2-liter seed from which 10.1 liters of gas had been evolved.
There was a very long induction period before growth started, but the changes then observed were similar to those in the first culture. The only difference was that, with the pH control, growth, as indicated by optical-density changes, continued at a high rate until the sucrose became exhausted. When the culture was harvested (88 hr), the gas evolution rate had dropped sharply. The yield of cells was equivalent to 1.57 g (dry weight) per liter ( Table 2 ).
In the third culture automatic pH control at 5.6, with stirring, was afforded as in the second culture. In addition, during growth, 790 g of sucrose and 79 g of (NH4)2SO4, were supplied over a 6-hr period. The culture was inoculated with a 20-liter seed from which 66 liters of gas had been evolved.
Following an induction period, growth occurred. The pattern of changes was similar to that observed in the earlier cultures, except that the rise in optical density was prolonged until the sucrose became exhausted. When the culture was harvested (44 hr), gas evolution was slow. The yield of cells was equivalent to 3.64 g (dry weight) per liter (Table 3 ).
In the fourth culture, stirring was carried out from the start, and automatic pH control at 5.6 was provided as before. During growth, 2,800 g of sucrose and 280 g of (NH4)2S04, were supplied over an 8-hr period. The culture was inoculated with a 20-liter seed from which 26 liters of gas had been evolved.
After an induction period, growth occurred with a pattern of changes similar to that in the third culture, except that the rise in optical density was greater, though it had ceased long before the sucrose became exhausted. The yield of cells was equivalent to 4.88 g (dry weight) per liter (Table 4) a The culture was inoculated with a 2-liter seed from which 10.1 liters of gas had been evolved. The stirrer was operated from 72 hr, and thereafter 750 ml of 10 N NaOH was used in pH control. The wet weight of cells recovered was 742 g from 120 liters, equivalent to 189 g, dry weight (1.57 g/liter). a The culture was inoculated with a 20-liter seed from which 66 liters of gas had been evolved. The stirrer was operated from 23 hr, and from 36 hr 900 ml of 10 N NaOH was used in pH control. Between 34 and 40 hr, 1,750 ml of solution containing 790 g of sucrose and 79 g of (NH4)2SO4 was pumped into the culture at a constant rate. The wet weight of cells recovered was 1,800 g from 140 liters, equivalent to 510 g, dry weight (3.64 g/liter). In the fifth culture, stirring was carried out from the start, and automatic pH control at 5.6 was provided as before. During growth, 4240 g of sucrose and 424 g of (NH4)2SO4 were supplied over an 8-hr period. The culture was inoculated with a 20-liter seed from which at least 23 liters of gas had been evolved (a faulty gas meter prevented a precise reading).
There was almost no induction period before growth started, with the usual pattern of changes. At 20 hr, the pH control system was altered to cause the pH to rise to 5.9 over about 4 hr, and the pH was kept at this higher value until harvest (26 hr). The final optical density was little different from that in the fourth culture, and, despite the large excess of sucrose available, the optical density was hardly rising at harvest. Gas evolution had slowed down slightly at the end. The yield of cells was equivalent to 5.56 g (dry weight) per liter ( a The culture was inoculated with a 20-liter seed from which at least 23 liters of gas had been evolved. The stirrer was operated from the start, and from 17 hr 1,720 ml of 10 N NaOH was used in pH control. Between 14 and 26 hr, 6,500 ml of solution containing 4,240 g of sucrose and 424 g of (NH4)2SO4 was pumped into the culture at a constant rate. The wet weight of cells recovered was 2,277 g from 140 liters, equivalent to 779 g, dry weight (5.56 g/liter). 5 , and of those obtained in lower yields from the earlier cultures. The optical density of cultures 1, 2, and 3 stopped rising when sucrose ran out, and at the same time the gas evolution rate slowed appreciably. Therefore, cell production probably continued to the end in these cultures. In culture 4, the optical density was approximately constant for the last 10 hr, although sucrose and (NH4)2-SO4 were being metabolized during this period. Similarly, in culture 5 the optical density was hardly changing at harvest, although a large excess of sucrose and (NH4)2SO4 were still present.
A possible explanation of these observations is that in cultures 4 and 5 some nutrient, other than carbon or nitrogen, essential for cell production, became exhausted. Thus, in future experiments aimed at obtaining even higher cell yields, it would be worth using the other medium components at higher concentrations and deliberately supplementing the medium with essential trace elements (e.g., manganese) in the hope of overcoming this possible deficiency.
The improvements in cell yield per milliliter of culture were obtained through pH control, which enabled larger amounts of sucrose and (NH4)2SO4 to be utilized. As a result, in the best culture (no. 5) we obtained 5.56 g of dry cells per liter, compared with the highest previously reported yields of 1.7 g/liter under nitrogen-fixing conditions (1) .
Whether the slightly higher cell density obtained at pH 5.9 (culture 5), as compared with pH 5.6 (culture 4), was significant is not known More work would be required to determine the optimal pH value at which to grow the organism. It is emphasized that by using a stirred culture vessel, measurement and control of cultural conditions were made possible. Stirring was attended by no obvious disadvantage, and, without stirring, pH control would have been much more difficult to achieve.
